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Temperature dependence of photoemission from quantum-well states in AgÕV„100…:
Moving surface-vacuum barrier effects
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The temperature dependence of angle-resolved photoemission from quantum-well states in ultrathin films of
Ag on V~100! has been examined for films from 1–8 ML thickness within the temperature range 45–600 K.
Contrary to bulk solids, the photoemission peaks shift to higher binding energy as the temperature is increased.
The temperature dependence of the peak widths is linear, consistent with the expected behavior for electron-
phonon coupling, but the coupling parameterl is found to show a strong oscillatory dependence on film
thickness, with some values many times larger than those found for bulk silver. The observations are explained
in terms of the influence on both the initial and final states in the photoemission process of the static and
dynamic movements of the surface-vacuum interface barrier induced by temperature changes.
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I. INTRODUCTION

The ability to atomically engineer electronic potent
wells through layer-by-layer growth of thin film is now a
lowing the exploration of some of the simplest predictions
quantum theory in a controlled fashion. Angle-resolved p
toelectron spectroscopy~ARPES! has been used to chara
terize the binding energies of occupied quantum-well~QW!
states formed by the growth of such films on metallic su
strates. Momentum-~k-!resolved inverse photoemissio
spectroscopy~KRIPES! has provided complementary info
mation on the unoccupied QW states. These experim
have done much to characterize the one-electron grou
state properties of QW states. However ARPES, as with
spectroscopy, does not truly probe the ground state, and
decay of the resulting excitation, the photohole, involv
many-body effects which are also necessarily probed by
experiments. In the last few years, ARPES has been
ploited to characterize these many-body coupling effects
cluding the electron-phonon interaction which is of particu
interest because of its role in conventional superconductiv

The many-body interactions of the electronic system u
mately limit the ‘‘lifetime’’ and ‘‘coherence length’’ of the
photohole excitation created in the photoemission proc
This introduces a broadening and shift in energy and m
mentum of the corresponding spectral function

A~k,v!}
Im S~k,v!

@v2«k2ReS~k,v!#21@ Im S~k,v!#2 ~1!

via the ‘‘self-energy’’ termS(k,v). ARPES is particularly
suited for studying many-body interactions in low
dimensional systems because in the case of quasi-
dimensional systems, it directly measures the photoh
spectral function given by Eq.~1!. There have already bee
several photoemission studies quantifying many-body effe
0163-1829/2001/64~8!/085411~9!/$20.00 64 0854
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in metallic surface states and in thin films. In a study of t
Mo~110! surface state1 it was shown that all three interactio
terms electron-electron, electron-phonon, and defect sca
ing, can be deduced from the temperature and binding en
dependence of the photoemission peak width. Other stu
of metallic surface states on Cu~Refs. 2–4!, Be ~Refs. 5–7!,
Ga ~Ref. 8! focused on the electron-phonon coupling te
alone. The results of these studies indicate that the elect
phonon coupling constantl ~also known as the mass en
hancement factor! for surface states can be significantly d
ferent from that obtained in the bulk from transpo
measurements. As an example, the value for the Be~0001!
surface state is 3–4 times that found in bulk measureme
ARPES has also been used to study the electron-phonon
pling in QW states in films sufficiently thick~12–19 ML! for
the results to be judged characteristic of the bulk metal.9,10 In
the latter case some differences in values obtained for
coupling constant have been attributed to the moment
resolved character of an ARPES measurement as oppos
a directionally averaged transport measurement.

There have been only a few studies of many body int
actions in QW states in ultrathin films where variations in t
degree of QW state localization may be expected to hav
significant impact on the properties. These include a stud
electron-phonon coupling in thin quantum wells@1 ML and 2
ML of Na on Cu~111!#11 and a study of QW states in ultra
thin films of silver on V~100! varying in thickness from 1–8
ML and covering the temperature range 30–600 K.12 The
present paper reports an extension of the latter study. T
particular overlayer system was chosen because the gro
properties and the binding energies of the associated
states have already been characterized in consider
detail.13–18 The initial objective was to investigate the tem
perature dependence of the spectral widths of the QW pe
in order to determine how the electron-phonon coupling
such states depends on the localization of the QW state
©2001 The American Physical Society11-1
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TABLE I. Summary of the properties of the occupied QW states seen in Ag films on V~100! up to 8 ML
thickness. The binding energy and number of nodal planes are as discussed in earlier characterizatio~Refs.
15 and 16!. The right-hand columns show results from the present study.

Film thickness
~ML !

Binding energy
~eV! at 90 K

No. of nodal
planes

Thermal shift
eV K21 (31024)

Electron-phonon
couplingl

0 ~surface state! at Fermi level 0 1.4560.15
1 1.6560.01 0 1.5 0.2160.05
2 0.5860.01 1 1.6 1.0060.03
3 no occupied state
4 1.4360.01 2 1.0 0.2860.12
5 0.8260.01 3 1.6 0.5260.07
6 0.3660.01 4 1.8 0.4460.07
7 1.4460.01 4
8 1.0260.01 5 1.1 0.2560.15
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the film thickness is varied. However, we observe a surp
ing and strongoscillatory variation in the coupling strength
with film thickness. In addition, we also note a temperat
dependence in the binding energy of the QW states, whic
of opposite sign to that found in photoemission from bu
systems. In almost all previous studies of this kind, the bi
ing energies have been found to decrease with increa
temperature. It has been suggested that the thermal ex
sion of the crystal leads to a lowering of the electron den
and thus a reduction of the Fermi energy.19 In the present
measurements, however, we see an increase in the QW
ing energy with increasing temperature. We find that chan
in the binding energy can be understood in terms of the
of the thermal expansion of the outermost surface layer,
that the observed variation in electron-phonon coupling
be understood as a consequence of the coupling of the
state photohole to the vibrations of this surface barrier.

II. EXPERIMENTAL DETAILS, RESULTS,
AND PRELIMINARY ANALYSIS

The experiments reported here were carried out at
National Synchrotron Light Source~Brookhaven National
Laboratory! using undulator beamline U13UB which pro
vides photon energies in the range from 12 to 23 eV. T
electron energy analyser was a Scienta SES-200, which
multaneously collects a large energy and angular wind
~;12°! of the photoelectrons. This system significantly r
duces the time required for data acquisition and ensures
a wide range of states ink space are recorded under identic
conditions. The combined instrumental energy resolution
be set to a value in the range 6–25 meV, insignificant co
pared to the measured QW state widths. The angular res
tion was;0.2°. The base pressure in the experimental ch
ber was 431029 Pa.

A detailed description of Ag/V~100! overlayer growth
system has been given elsewhere.13–15 These studies hav
shown that at room temperature silver grows pseudomor
cally in an ordered layer-by-layer mode when deposited o
a V~100! substrate. This growth mode is preserved for
least ten atomic layers. Above room temperature,
Stranski-Krastanov growth mode prevails, with two pseu
08541
-

e
is

-
ng
an-
y

d-
es
le
d
n
W

e

e
si-
w
-
at

l
n
-

lu-
-

i-
to
t
e
-

morphic silver monolayers serving as a substrate for Ag c
ters. Above 900 K, silver desorbs from the V~100! surface.
Annealing any silver film thicker than 0.5 ML deposited o
an oxygen-contaminated V~100! surface to 800 K, produce
an ordered and oxygen-free substrate and film.20 In this way
it is possible to produce a well-ordered and clean V~100!
surface covered with a very well-ordered silver film of up
2 ML coverage. Thicker films~three or more monolayers!
were produced by room temperature deposition of silver o
the two monolayer film. While the films of 1 and 2 ML ar
stable up to 800 K~Ref. 14! as implied above, thicker films
are stable only up to 350 K.

The V~100! surface has an electronic structure charac
ized by a larges-p band gap extending;2 eV above and
below the Fermi level, along theD1 high symmetry direc-
tions. In Ag films deposited on this surface, QW states c
form within the range of this gap. The properties of such Q
states have been characterized in earlier ARPES stud
which have also determined the energy dependence of
photoemission cross sections.15–18With respect to the discus
sion in the present paper the energies and numbers of n
planes associated with the QW states are summarize
Table I.

Figure 1 shows a typical spectral intensity plot from a
ML thick Ag overlayer film recorded at a photon energy
23.8 eV. The QW state emission is seen as a state dispe
over the angular range of66°. The dispersion curves of th
QW states obtained in the present study, together with t
effective masses are shown in Fig. 2. They differ from t
values reported for the 1 and 2 ML films in an earlier study15

The effective masses for 1 and 2 ML QW’s published in R
15 were reported to be 2.2 and 3.1me, respectively, both
values larger than those reported in the present article.
reason for the difference is that the dispersion of almost
the QW states tends to level off approximately half-way b
tween the center and edge of the Brillouin zone, thus incre
ing the effective mass on moving away from the gam
point ~see Fig. 9 of Ref. 15!. The use of only a small numbe
of experimental points can therefore lead to an errone
estimate of the effective mass, as we believe was the cas
the measurements in Ref. 15. In addition, both the ene
1-2
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TEMPERATURE DEPENDENCE OF PHOTOEMISSION . . . PHYSICAL REVIEW B64 085411
FIG. 1. Experimental photoemission intensi
gray-scale maps as a function of photoelectr
energy and polar emission angle collected
rectly from the two-dimensional detector of th
Scienta concentric hemispherical electron ene
analyzer from V~100! with 5 ML Ag film. The
arced intensity peak corresponds to emiss
from the overlayer QW state at incident photo
energies of 23.8 eV in a polar emission angu
range of66°.
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and angular resolution used in the present measurement
an order of magnitude better than those used in Ref. 15

Figure 3~a! shows a typical set of normal emission spec
from a silvers-p derived quantum well state in a 2 ML film

FIG. 2. Dispersion of the QW states studied in this investigati
These are extracted from the data collected by the two-dimensi
detector, examples of which are shown in Fig. 1. Nearly fr
electron parabola fits to the experimental points give the elec
effective masses shown for each state.
08541
arerecorded at different temperatures. With increasing temp
ture the peak broadens, reduces in intensity and shifts
higher binding energies. Figure 3~b! shows plots of the en-
ergy position and peak widths as a function of temperatu
Full data sets were recorded from all of the QW states lis
in Table I at temperatures within the range 30–600 K. Th
measurements covered the full temperature range for th
and 2 ML films. For thicker films the maximum temperatu
used was 400 K because above this temperature the Stra
Krastanov restructuring of the overlayers is fast13 and the
morphology changes to three-dimensional~3D! clusters on a
2 ML film. The temperature dependences of the peak e
gies are summarized in Table I.

We now turn to the QW peak shapes. It has been sho
that the lineshape of the peaks from the QW state is co
pletely determined by the photohole self-energyS(k,v)
~Ref. 21! and that the experimental spectra are accura
fitted with the ‘‘Fermi liquid’’ line shape 2 ImS(v)5G0

12bv2.21 This quasiparticle description is strictly only vali
at zero temperature and at energies very close to the F
level,22 but its usefulness has been found to extend to hig
temperatures and a wider range of energies.23 The energy-
independent term,G0 , represents the sum of impurit
~and/or defect! scattering and phonon scattering terms~the
phonon contribution at fixed temperature gives a cons
term!. The quadratic term is the electron-electron contrib
tion. By fitting to this line shape we can therefore separ
out the electron-electron interaction contribution, as d
scribed more fully in Ref. 12. Briefly, we find almost th
same electron-electron coupling parameterb'0.04 eV21 for
the QW states of 1 and 2 ML films. With these values ofb,
the constant termG0 is found to be 150 meV for the QW
state in the 1 ML film and 80–100 meV for the 2 ML film, i
both cases at 60 K. Our calculations for 2 ML QW state g
an electron-phonon coupling term of;40 meV for the tem-
perature and binding energy. This leaves 40–60 meV
scattering on defects and for a contribution from the fin
transmission into the substrate. We believe that in the pre

.
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-
n
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FIG. 3. ~a! Normal emission photoemission spectra from the QW state corresponding to 2 ML of Ag on V~100! recorded at severa
different substrate temperatures. These data are extracted from a series of two-dimensional detector output maps similar to that sh
1; ~b! plots of the peak energy and peak broadening as a function of temperature deduced from a more extensive set of similar s
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case, the interaction of electrons with defects plays the do
nant role.

The electron-phonon contribution can be deduced fr
the temperature dependence of the ARPES peak wid
Typical data are shown in Fig. 3, but Fig. 4 shows the res
of another experiment conducted on a 5 ML Ag film depos-
ited at 100 K without annealing. As the temperature is s
sequently increased through the range 250–300 K, it is c
that some ordering of the film occurs. Note, however, that
gradient of the peak width with increasing temperature is
same before and after this restructuring. In all cases, for
film thicknesses, the temperature dependence is app
mately linear at high temperatures with a gradient given
2plkB where l is the electron-phonon coupling constan
Substantial differences in the coupling constant are found
the QW states in films of different thickness. These are su
marized in Table I and plotted in Fig. 5 as a function of t
Ag film thicknessd. The most prominent feature of thel(d)
plot is the change in the coupling strength when the thi
ness of the silver film is increased from 1 to 2 ML; th
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corresponding value ofl for the 2 ML Ag film is more than
four times larger than that for the 1 ML QW state~l1 ML
'0.23, l2 ML'1.0! and 3–4 times larger than the recent
reported value measured for a 19 ML Ag film, grown o
Fe~100!.9 The latter was believed to be a value characteris
of bulk Ag. Apart from the prominent maximum inl at 2
ML, the Ag/V~100! system shows an additional maximum
the coupling constant around 5 ML.

We have also obtained new high-resolution data from
clean V~100! surface, which provide clear confirmation o
the existence of the previously proposed intrinsic surfa
state.24 The value ofl for this surface state 1.45 is als
shown in Fig. 5. It is derived from the mass enhancemen
the surface state near the Fermi level in the same manne
in the earlier surface state studies of Mo~110! ~Ref. 1! and
Be~0001!.5,7 This value represents one of the largest coupl
constants measured in ARPES thus far and is significa
larger than the bulk value for V of 0.8.25 However, this large
electron-phonon coupling constant for the vanadium s
strate cannot explain the maximum in the coupling consta
1-4
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TEMPERATURE DEPENDENCE OF PHOTOEMISSION . . . PHYSICAL REVIEW B64 085411
FIG. 4. Plot of the ARPES
peak width as a function of sub
strate temperature recorded at no
mal emission from the QW state
corresponding to 5 ML of Ag on
V~100!. In this experiment the
original film was apparently not
well ordered and the film mor-
phology and ordering change
around 250–300 K. Note, how
ever, that the gradient of the pea
width as a function of temperatur
is the same before and after th
restructuring.
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for the thin film QW states at 2 ML. If the largel2 ML value
were solely due to the interaction of the silver overlayer w
the underlying vanadium substrate, the coupling in the 1
film would be even stronger.

Finally note that we see a very strong oscillatory dep
dence of the electron-phonon coupling on the film thickne
The earlier measurements from 1 and 2 ML QW states in
Na/Cu~111! system11 showed a small difference for the tw
layers, both with stronger coupling than the correspond
bulk value.

III. TEMPERATURE-DEPENDENT MOVEMENTS
OF THE SURFACE-VACUUM BARRIER

A. Initial state effects

QW states of the type discussed here are simply descr
by the multiple reflection or ‘‘phase accumulation’’ model.26

FIG. 5. The electron phonon coupling constant~l! values ob-
tained from Fig. 3 shown as a function of silver film thickne
~solid circles!. Calculated values ofl assuming an effective mas
m* 51 for all QWS are shown as open squares; calculated val
including experimentally determined values of the effective m
for each QW state~Fig. 2!, are shown as open triangles. The e
perimental value ofl for the surface state on V~100! is shown at
zero film thickness whilel for bulk silver is indicated by the gray
line parallel to the abscissa.
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The states are the bound-state solutions of Schro¨dinger’s
equation for the one-dimensional well, defined by a subst
band gap on one side and the solid vacuum interface on
other.

Within this description, it is clear that the width of th
well is reflected directly in the energy of the QW boun
states, there must be a matching of the electron wavele
to the well-width. The width corresponds to an integral nu
ber of half-wavelengths of the QW state wave functi
modified by the presence of evanescent tails extending
the substrate and the vacuum. Consider, now, the influenc
thermal expansion on this system. Heating will lead to
increase in the film thickness and thus a widening of
potential well. The associated increase in the QW state wa
length results in a lower energy relative to the bottom of
well. If the Fermi energy remains fixed, the net effect is
increase the binding energy of the QW state relative to
Fermi level, as observed in the present experiments.
course, the complete picture will reflect not only the chang
in the film, but also the temperature induced changes in
substrate Fermi energy. The relative importance of these
contributions can be deduced from the thermal expans
coefficients of the two materials: 1731026 K21 for Ag and
831026 K21 for V, respectively.27 The relative difference
clearly favors the dominance of the increasing Ag film thic
ness over the expanding substrate. The value for Ag is
strictly the one relevant to the present situation, because
Ag film is pseudomorphic centred tetragonal. The large d
ference in linear expansion coefficients is consistent with
fact that the cohesive energy of bulk V is almost twice
large as that of bulk Ag.28 Indeed, if we note that for a
pseudomorphic Ag film on V~100! the thermal expansion o
the film parallel to the surface is constrained to the low va
dictated by bulk V, we can anticipate that the expansion
efficient in the Ag film perpendicular to the surface will b
even larger than that in bulk Ag.

This explanation of the binding energy shift is also co
sistent with the quantitative behavior for the QW states
films of different thickness. As the film thickness increas
the number of nodal planes in the QW state wave funct
also increases~see Table I!. Thus, the wavelength of the
different quantum well states is very similar and the incre
in wavelength induced by the thermal expansion of the fi

s,
s

1-5
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M. KRALJ et al. PHYSICAL REVIEW B 64 085411
thickness must also be approximately constant. The ex
tion to this simple generalization is the behavior of the 1 M
Ag film. In this case it is clear that the bulk Ag therm
expansion behavior cannot be an accurate guide to the
pected temperature dependence of the film thickness. Ind
the V-Ag bonding at the interface is stronger than the
bulk cohesive energy~as implied by the high-temperatur
stability of this layer13,14!. As such we might anticipate
lower thermal expansion of this bond than the equivalent
bulk alloy. On the other hand, the asymmetry of the forc
experienced by an atom in the outermost layer of a surf
can be expected to lead to an enhanced thermal expan
coefficient~e.g., the enhanced vibrational amplitudes perp
dicular to the surface29!, as was recognized many yea
ago.30

It is rather straightforward to quantify these arguments
the case of a simple free-electron metal the Fermi energyEF
is proportional to the reciprocal of the square of the latt
parameter. It is therefore easy to show that the tempera
dependence of the Fermi energy due to thermal expansio
the crystal is given by

dEF /dT522EFaB , ~2!

whereaB is the coefficient of linear expansion of the soli
Applying this model to the vanadium substrate, with a va
for EF of 5.2 eV, we obtain a temperature dependence of
Fermi energy of28.331025 eV K21. The fact that vana-
dium is a transition metal rather than a free-electron me
will have the effect of reducing the temperature depende
of the Fermi energy by a factor determined by the effect
masses of the bands which cross the Fermi level. If the o
layer film thickness has a coefficient of thermal expansion
aF , a QW state with an energy~relative to the bottom of the
well! of EQW will have a temperature dependence of

dEQW/dT522EQWa f ~3!

and takingEQW as 4 eV~i.e., a binding energy relative to th
Fermi level of 1.2 eV! and equating the expansion coefficie
of the film thickness to the linear coefficient of bulk silv
yields a result of213.631025 eV K21. This would predict
an increase of the QW state binding energy relative to
Fermi level of 0.5331024 eV K21, about a factor of 2–3
smaller than the experimentally measured values. Howe
the presence of thed-band crossing of the Fermi level in th
vanadium substrate will increase this value. Further, the
tragonal distortion in the silver overlayers will result in a
increase to 2.031024 eV K21, slightly larger than the ex-
perimental values. Note that the trends in the experime
energy shifts for the different film thickness are consist
with this model. Specifically, the shifts should be smallest
the QW states with the lowest energy relative to the bott
of the well ~i.e., the largest binding energies relative toEF!,
and largest for the smallest binding energy QW states. T
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correlation is seen in Table I, which includes both the th
mal shift coefficients and the QW state binding energies.

All previous studies of the temperature dependence
bulk valence-state binding energies~e.g., Refs. 19, 31–33!
have shown a decrease in binding energy with increas
temperature as noted above, and indeed the same beh
has been observed for Shockley surface states on surfac
Cu,2 Ag,34 Au,34 and Ga.8 In contrast, an increase in bindin
energy with increasing temperature has been observed
d-like Tamm surface states on Cu~100! and Cu3Au~100!.35

However, no simple quantitative description of Tamm stat
such as the phase model exists and so direct compariso
not possible. Indeed, the authors of Ref. 35 note that the s
‘‘most probably reflects the variation of the surface poten
within the outermost layer’’ and that ‘‘quantitative estimat
based on realistic three-dimensional models are not avail
yet.’’ The observation that the occupied bulk states tend
move to lower binding energy as the temperature increa
suggests that the present observation of a temperature de
dent increase in the binding energy of the QW states is
due to a change in the substrate band gap. Indeed a si
application of the phase model confirms that a tempera
induced reduction in the latter gap results in the QW sta
moving in the opposite direction to that observed.

In view of the success of the simple model in describi
the temperature-dependent binding energies of the
states, we have considered an extension to account for
observed temperature dependence of the ARPES p
widths. However, while the thermal expansion at the surf
influences the well width in the same way across the wh
surface, the surface phonons produce local variations in
well width which will only influence the apparent well widt
if the phonon wavelength is large compared with the coh
ence length of the QW states parallel to the surface. S
states make up only a small component of the full spectr
of surface phonons. The resulting effect on the QW st
broadening is therefore negligible and we discuss this bro
ening only in terms of final-state electron~photohole!-
phonon coupling. In the following we present a theoretic
analysis that is a significantly improved approach to t
given in Ref. 12. The nature of the improvement is discus
later in the text.

B. Final state effects

We find strong variation in electron-phonon coupling as
function of film thickness, and some of these coupling co
stants are very large relative to the value for bulk Ag@0.23
~Ref. 9!#. Within these films we expect that the largest vibr
tional amplitudes will be associated with the soft modes
the outermost surface layer, and as there is a large pote
step at this surface-vacuum interface, it seems likely that
coupling of the photohole to this surface vibrational mo
should be particularly strong.

We assume that as the surface atoms move, they loc
deform the potential well seen by the electrons in the film
is convenient to assume that the total effective potentiaV
1-6
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TEMPERATURE DEPENDENCE OF PHOTOEMISSION . . . PHYSICAL REVIEW B64 085411
can be written as a pairwise sum of the interactions betw
the electron andr and a particular crystal sitej positioned
at r j :

V~r !5(
j

n~r2r j !. ~4!

The change of the effective potential introduced by the ti
dependent oscillation of the atoms in the sample can be w
ten as

DV~r !52(
j

“n~r2r j !•uj , ~5!

whereuj represents the deviation of the atom at crystal sij
from its equilibrium position. By expanding the atomic di
placements as a superposition of normal modes characte
by the mode numbers and parallel wave vectorQ, we can
evaluate the state-to-state transition amplitude per unit t
wf i which is defined in the first order perturbation treatme
~one phonon created or destroyed in the final state of
system! by the Fermi golden rule as

wf i5
2p

\
uM f i u2d@Ef2Ei«\v~Q,s!#. ~6!

Here,M f i is the matrix element of the perturbation defin
by Eq. ~3! calculated with the wave functions of the who
system (electrons1phonons!. Ef and Ei are the final and
initial energies of the electronic system. For the matrix e
ment,M f i , we can write

M f i5(
j
E d3rC f~r !“n~r2r j !C i~r !

3^ni~Q,s!61uuj uni~Q,s!&, ~7!

whereC f andC i are the final and initial wave functions o
the electronic system anduni(Q,s)& is the wave function
pertaining to phonons in the crystal initial state. For the el
tronic wave functions we take

C~r !;eiK•Rf~z!, ~8!

whereK is the wave vector of the electron parallel to t
surface plane andr5(R,z) where R is the projection of
vector r onto the surface plane andz is the component per
pendicular to the surface plane.f(z) is the solution to the
one-dimensional Schro¨dinger equation in the effective poten
tial profile in thez direction. The single particle lifetimet is
generally given by

1

t
5(

f
wf i ~9!

and we can calculate the effective phonon-induced width
the initial state asDE5\/t. The final formula for the
phonon-induced lifetime of the photohole created in the Q
bandi is

1

t
5

Ac

M\2 F(
f

H mxy
f uTf i u2@2n~v0!11#

Y2~Qf ,i !

v0
J

1mxy
i uTii u2@n~v0!11#

Y2~Qi ,i !G , ~10!

v0
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where Qf ,i is the wave vector of the phonon emitted~or
absorbed! given as

Qf ,i5
A2mxy

f

\
@Ei~K50!2Ef~K50!6\v0#, ~11!

whereEi(K50) andEf(K50) are the energies of the quan
tum well states at the bottom of thei th and f th QWS band,
respectively.Ac is the area of the surface Wigner-Seitz ce
M is the mass of surface atom, andn(v0) is the Bose-
Einstein distribution function.

Equation~10! was derived assuming that the surface
oms vibrate in thez direction with only one characteristi
frequencyv0 . The effect of longitudinal surface phonons o
the hole lifetime was investigated numerically and found
be much smaller than the corresponding effect from
z-polarized surface phonons. The coupling of electrons to
vibrations of the atoms located in the crystal planes be
the surface plane was neglected. The dispersions of the
states were taken to be isotropic and parabolic parallel to
surface plane with a mean effective electron massmxy

f ,
which depends on the particular QW statef in question. ‘‘Re-
coil’’ of the electron in the process of phonon emission
absorption was neglected. It was assumed that the chang
the potential is uniformly distributed over the particul
Wigner-Seitz cell. This assumption leads toY factors of the
form

Y~Q!52Ac

J1~xws!

xws
, ~12!

wherexWS5QRWS, and RWS is the effective radius of the
Wigner-Seitz cell.J1 is the first-order Bessel function. If we
represent the one-electron effective potential profile in
direction perpendicular to the surface with the asymme
square well, the transition matrix elementTf i acquires a par-
ticularly simple form

uTf i u25VR
2 uf f~z50!u2uf i~z50!u2. ~13!

Here, VR is the height of the surface related~film/vacuum
interface! potential step located atz50.

The significance of these equations is that if an electro
state of interest is localized near the surface, and thus h
significant wave-function amplitude in the region of rap
change in potential at the surface-vacuum interface, and
ther if there are also final states, similarly localized, to wh
energy- and momentum-conserving transitions are poss
then one can expect the influence of the surface layer vi
tion to be strong. This argument, of course, should also
relevant to intrinsic surface states of clean surfaces and
account for the widely observed electron-phonon coupl
enhancement for such states. It should be noted that Eq.~10!
is equivalent to Eq.~5! from the paper by Hellsinget al.36

Although the final expressions are the same, the presen
proach is simpler in the parametrization of the interact
matrix elements and does not rely on the results produce
the density functional calculations. It also reproduces theQ
dependence of the matrix elements, accounting for the fi
size of surface atoms, in a very simple and straightforw
fashion, which is a consequence of the assumption of
1-7
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pairwise additivity of the electron-site potentials@Eq. ~4!#.
The Q dependence of matrix elements was not included
the results presented in Ref. 12 and that is the reason
differences between those results and the ones prese
here. In order to evaluate Eq.~10! we have assumed that th
characteristic frequencyv0 is independent of film thicknes
in the range that we have explored experimentally. In
calculations we have taken\v058.0 meV @the Rayleigh
wave phonon frequencies of Ag~111! and Ag~100! at the
edge of the surface Brillouin zone are\v0;8.0 meV~Refs.
37 and 38!#. The asymmetric square well potential profile h
a step at the film/substrate interface, which is 7.6 eV hi
and another step at the film/vacuum interface (VR) which has
a height of 9.7 eV. The Fermi level is positioned at 5.6
above the bottom of the quantum well. We have assumed
each monolayer of Ag contributes 1.96 Å to the w
width.13–15 This potential profile reproduces both the me
sured binding energies of quantum well states and the m
nitude of thes-p propagation gap into V~100!.

Figure 5 shows values of the electron-phonon coupl
constant derived from the slope of the calculated widths~\/t!
in the high temperature range. The open squares corres
to values ofl calculated assuming that the effective mass
all the QW states around the center of the Brillouin zone
equal to 1.

These theoretical results reproduce the experimentally
served oscillation of the coupling constant, even if fre
electron-like dispersion of all the QW states is assumed
this case changes in the coupling appear to arise mainly f
the different localization of the states, and specifically,
amplitude of the associated wave functions at the surf
barrier. These amplitudes are influenced by the QW s
binding energy, the more shallow states extending furt
into the vacuum, and by the degree of localization as de
mined by the film thickness, thicker films having more e
tended states which~when normalized! have lower ampli-
tudes at the surface. There is also some influence on
coupling in this simple model associated with differences
the available phase space for the photo hole decay. In
ticular, only a single QW state exists in the 1 ML Ag film s
only intraband transitions are possible. For the thicker fil
both inter and intraband transitions can occur. However,
culations allowing only intraband transitions in all films pr
duce results similar to those shown in Fig. 5, indicating t
this phase space consideration is secondary.

Notice, however, that the above equations contain a
pendence on the mean effective electron massmx,y of each
QW state, and this parameter can be extracted from our
perimental determination of the dispersion of the QW st
energies around normal emission. As may be seen from
2, the electron effective mass varies significantly for differe
states, and incorporating these values into the theoretical
culations gives the open triangles in Fig. 5. The latter are
significantly better agreement with the experimentall. The
fact that this improvement is so marked, however, is a refl
tion of the fact that the qualitative character of the variat
of electron effective mass with thickness is actually ve
08541
n
or
ted

e

,

at
l
-
g-

g

nd
f
s

b-
-
In
m
e
e

te
r
r-

-

he
n
r-

s
l-

t

e-

x-
e
ig.
t
al-
n

c-

similar to that ofl in our experiments and in the simpl
theory. The origin of thismx,y variation is unclear. Large
values ofmx,y are typically associated with more localize
states, and in the past15,39 we have argued that the large
values seen in the thinnest films must be related to hyb
ization of the QW states with the substrated bands. This
would be favored for QW states of the highest energies cl
to the Fermi level, and for the thinnest films, and indeed t
correlation is evident in the data of Fig. 2. Indeed, this c
relation is essentially the same as that favoring an impor
role for the surface phonons in influencing the electro
phonon coupling. Further work, both experimental and th
retical, is clearly warranted to investigate these effects
mx,y more generally, but our results still clearly indicate t
importance of the surface phonon coupling for the oscillat
behavior ofl values seen in our work.

IV. CONCLUSIONS

Experiments on the influence of temperature on the pr
erties of QW states in 1–8 ML ultrathin films of Ag o
V~100! show a linear dependence in both the ARPES p
energies and peak widths. The QW state binding energ
are found to increase~relative to the Fermi level! as the
temperature increases, an effect opposite to that previo
seen in studies of bulk bands. This can be understood as
result of two competing effects. Thermal expansion of the
substrate causes the Fermi energy to fall as the tempera
rises. However, thermal expansion of the overlayer fi
thickness shifts the QW state energies lower. Because
expansion coefficient of the Ag film is expected to be su
stantially larger than that of the V substrate, the latter eff
dominates and the QW state binding energies relative to
Fermi level increase with increasing temperature.

The peak width changes are explained in terms
electron-phonon coupling, but the strength of this coupling
found to show a strong and oscillatory dependence on
thickness. Simple calculations based on coupling of the p
tohole to the vibrational mode of the surface layer and
associated surface-vacuum potential perpendicular to the
face reproduce this behavior. The variations in electr
phonon coupling are attributable to changes in the amplit
of the QW state wave function at the surface-vacuum in
face which depends on the state of localization influenced
the QW state binding energy and the spatial extent of
quantum well.
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